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Human T cell leukemia virus type 1 (HTLV-1) encodes a transforming protein, Tax. Tax is a promiscuous viral transactivator
involved in both cell growth and death control. We have previously shown that Tax sensitizes cells to apoptosis induced by
DNA-damaging agents and this report further characterizes the Tax-mediated apoptosis pathway. We found that Tax-
mediated apoptosis in response to UV irradiation was inhibited by Bcl-2 and Bcl-XL overexpression and by treatment with the
caspase inhibitor Z-VAD-FMK. Since Tax has been shown to functionally inactivate the apoptosis regulator p53, the effect of
Tax on apoptosis in the absence of p53 was examined. In these studies, Tax sensitized p53-negative cells to apoptose,
suggesting that Tax can mediate a p53-independent form of apoptosis. In addition, cells expressing both Tax and p53
displayed higher levels of apoptosis than cells expressing either protein alone, suggesting that the apoptosis-inducing
activities of Tax and p53 are not completely overlapping. These observations demonstrate that Tax can utilize a p53-
independent mechanism to induce apoptotic cell death following UV irradiation. © 2001 Elsevier Science
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Human T cell leukemia virus type 1 (HTLV-1) is linked
to the development of adult T cell leukemia (ATL) (Poiesz
et al., 1980) and a neurological disease known as tropi-
cal spastic paraparesis or HTLV-1-associated myelopa-
thy (TSP/HAM) (Gessain et al., 1985). The onset of both
diseases is preceded by a long period of clinical latency,
frequently lasting 3 to 4 decades. In addition, less than
5% of all infected individuals develop an HTLV-1-associ-
ated disease. Although HTLV-1 integrates randomly into
host chromosomes, the leukemic cells isolated from ATL
patients display monoclonal proviral integration patterns,
suggesting that most infected cells are eliminated during
the course of infection.
The HTLV-1 genome contains a unique pX region en-
coding an important regulatory protein, Tax, that is es-
sential for viral replication. Tax potently activates tran-
scription of HTLV-1 gene expression as well as activating
transcription of numerous cellular genes that regulate
proliferation (reviewed in Ressler et al., 1996). Tax is also
the HTLV-1 transforming protein (Tanaka et al., 1990;
Yamaoka et al., 1992; Pozzatti et al., 1990; Nerenberg et
al., 1987). A variety of studies have suggested that the
transforming capacity of Tax depends on its ability to
activate cellular gene expression (reviewed in Ressler et
al., 1996). Despite much effort toward defining the mech-
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292anism and cellular transcription factors involved in Tax
transformation this goal remains elusive. Studies from
our laboratory have shown that Tax activates expression
of the proliferating cell nuclear antigen (PCNA) promoter
(Ressler et al., 1997) and that PCNA activation correlates
with Tax-mediated suppression of cellular DNA repair
activity (Kao and Marriott, 1999). Since cellular transfor-
mation has been frequently associated with alterations
in genome stability, the suppression of DNA repair ac-
tivity may contribute to Tax-mediated transformation (re-
viewed in Kao et al., 2000a). The presence of increased
levels of damaged DNA in cells expressing Tax could
initiate an apoptotic call death pathway either indepen-
dent of or mediated by p53.
In addition to activating cellular gene expression, in-
hibition of the p53 tumor suppressor protein by Tax is
considered to be important in Tax-mediated transforma-
tion. p53 is an important inducer of the cellular apoptotic
response to genome instability. Loss or inactivation of
p53 has been causally associated with oncogenic trans-
formation (Donehower and Bradley, 1993). Although mu-
tations of the p53 gene in HTLV-1-transformed cells are
not as common as in other types of tumors, Tax can
inactivate p53 transactivation function (Cereseto et al.,
1996; Mulloy et al., 1998; Pise-Masison et al., 1998a).
Several mechanisms for this inactivation have been pro-
posed including stabilization of the p53 protein (Reid et
al., 1993; Gartenhaus and Wang, 1995; Suzuki et al., 1993;
Akagi et al., 1997), competition for CBP binding (Ariumi et
al., 2000), and induction of p53 phosphorylation (Pise-
Masison et al., 1998b).
293HTLV-I Tax-MEDIATED APOPTOSISWe have previously shown that the suppression of
DNA repair activity by Tax sensitized cells to apoptotic
cell death (Kao et al., 2000b). Sensing DNA damage, cells
typically induce p53 activity, which then activates down-
stream genes to modulate the apoptotic response. Since
p53 is not functional in Tax-expressing cells, this study
investigated its role in Tax-mediated apoptosis. The fol-
lowing results demonstrate that Tax-mediated apoptosis
in response to UV irradiation does not require p53.
RESULTS
Ultraviolet light causes a variety of DNA lesions that
can interfere with DNA replication and cause apoptotic
cell death if not efficiently repaired. The HTLV-1 Tax
protein has previously been shown to suppress the re-
pair of UV-induced lesions, thereby inducing apoptotic
cell death. However, Tax also inhibits the transcriptional
activation function of p53, a key cellular regulator of
genome integrity and apoptosis. Therefore it was impor-
tant to further characterize the mechanism of Tax-medi-
ated apoptosis with specific emphasis on the role of p53
in this process. To determine the UV dose required to
achieve maximal apoptosis, Tax-expressing cells (CREF-
Tax) and control (CREF-neo) cells were treated with in-
creasing doses of UV-C irradiation. After staining with
propidium iodide (PI) and FITC-conjugated Annexin V,
cells were analyzed by flow cytometry (Fig. 1). Annexin V
is a phospholipid-binding protein that has high affinity for
phosphatidylserine. Early in apoptosis, phosphatidylser-
ine is translocated from the inner to the outer surface of
the plasma membrane (Martin et al., 1995). Therefore
increased Annexin V staining identifies cells in early
FIG. 1. Effect of Tax on apoptotic cell death following UV irradiation.
CREF-neo and CREF-Tax cells received increasing doses (0–50 J/m2) of
UV irradiation (UV-C, Stratalinker, Stratagene). Twenty-four hours after
treatment, cells were collected and stained for Annexin V (Annexin
V–FITC) and PI according to the manufacturer’s manual (ApoTarget,
BioSource International). Cells were analyzed by flow cytometry (Epic
Profile, Coulter Co.). Apoptotic cells were those staining positive for
Annexin V and negative for PI. The percentage of apoptotic cells is
shown in the bar graph. This is a representative result from three
independent experiments.stages of apoptosis. Following UV irradiation, a higher
percentage of CREF-Tax cells were apoptotic (i.e., An-nexin V positive and PI negative) than CREF-neo cells,
confirming that Tax expression sensitizes cells to apo-
ptosis induced by UV irradiation. A dose–responsive
effect of UV irradiation on Tax-mediated apoptosis was
observed between 10 and 30 J/m2 of UV, with maximal
levels at 30 J/m2 where 62% of CREF-Tax cells were
apoptotic, while 14% of CREF-neo cells were apoptotic.
Caspases are known to be important mediators of
apoptosis (Henkart, 1996), including p53-dependent ap-
optosis; however, they are not universally required to
modulate this activity (Joza et al., 2001). Since caspase-
dependent and -independent pathways of apoptosis
have been described, their role in Tax-mediated apopto-
sis following UV irradiation was examined (Fig. 2). Z-Val-
Ala-DL-Asp fluoromethylketone (Z-VAD-FMK) is a highly
specific, cell-permeable, and irreversible caspase inhib-
itor that effectively inhibits the executioner caspases-1,
-3, -4, and -7 (Dolle et al., 1994). In the absence of UV
irradiation, little apoptosis was observed in CREF-Tax
cells (3.5%), suggesting that Tax itself does not induce
apoptosis. UV-irradiated CREF-Tax cells that were not
treated with Z-VAD-FMK displayed 30% apoptosis, almost
a threefold increase over irradiated CREF-neo cells
(11.5%). Treatment with Z-VAD-FMK reduced apoptosis in
CREF-Tax cells from 30% to approximately 11%, suggest-
ing that caspase function plays an important role in
Tax-mediated apoptosis following UV irradiation. This
result is in agreement with an earlier finding that
caspase function was required for Tax-mediated apopto-
sis in Jurkat T cells (Chlichlia et al., 1997). The reduced
FIG. 2. Suppression of Tax-mediated apoptosis by a caspase inhib-
itor. CREF-neo and CREF-Tax cells were pretreated with or without 50
mM Z-VAD-FMK (Caspase Inhibitor I, Calbiochem) for 1 h prior to UV
irradiation (10 J/m2). After DNA damage, cells were incubated in the
presence of 50 mM Z-VAD-FMK or mock-treated for another 24 h before
flow cytometry. The percentage of apoptotic cells is shown in the upper




294 KAO, LEMOINE, AND MARRIOTTapoptosis observed in irradiated CREF-neo cells, which
have normal p53 function, treated with the Z-VAD-FMK is
likely due to inhibition of the p53 response to DNA
damage. Thus Tax, like p53, requires caspase function to
modulate apoptosis.
The Bcl family contains both pro- and anti-apoptotic
regulators. Bcl-2 and Bcl-XL are both members of the
anti-apoptotic regulator group. Overexpression of Bcl-2
has been shown to inhibit p53- (Wang et al., 1995) and
Tax-induced apoptosis in response to serum deprivation
(Yamada et al., 1994). To determine whether this inhibi-
tion was common to other apoptosis initiators such as
DNA damage, the effect of Bcl-2 and Bcl-XL on Tax-
mediated apoptosis following UV irradiation was exam-
ined in CREF-Tax and CREF-neo cells. Twenty-four hours
after transfection of a vector expressing either Bcl-2 or
Bcl-XL (approximately 20% transfection efficiency), cells
were UV irradiated and incubated for another 24 h before
Annexin V staining. About 26% of mock-transfected
CREF-Tax cells were apoptotic after UV irradiation, and
transfection of the empty vector did not block Tax-medi-
ated apoptosis. When compared to CREF-neo cells,
these results confirm the role of Tax in promoting apo-
ptosis in response to UV irradiation. Transfection of Bcl-2
or Bcl-XL reduced Tax-mediated apoptosis to about 17%,
indicating that Bcl-2 and Bcl-XL provided a protective
effect against Tax-mediated apoptosis (Fig. 3). As ex-
pected, Bcl-2 and Bcl-XL also provided a protective effect
against p53-mediated apoptosis in CREF-neo cells. The
ability of Bcl-2 and Bcl-XL to only partially suppress ap-
optosis may be due to the efficiency of delivery of these
vectors by transfection. These results agree with those of
FIG. 3. Suppression of Tax-mediated apoptosis by Bcl-2 and Bcl-xL
(pBJ5-Bcl2), Bcl-xL (pSH1/S-Bcl-xL-E) expressing vectors, empty pSH1/
cells were UV irradiated and incubated for another 24 h before Annex
corner. This is a representative result from two independent experimeYamada et al. (1994), who demonstrated a role for Bcl-2
in Tax-mediated apoptosis following serum depravationand suggest that Bcl-2 and Bcl-XL are universal suppres-
sors of Tax-mediated apoptosis following an apoptosis
initiating event. The observation that CREF-neo (normal
p53 function) and CREF-Tax cells (inactive p53) both
showed reduced apoptosis in the presence of Bcl-2 and
Bcl-XL did not allow us to distinguish the p53- and Tax-
mediated apoptotic pathways.
p53 is an important regulator of apoptosis in a wide
array of biological systems (Gottlieb and Oren, 1998), and
Tax has been shown to inactivate p53 transactivation
function (Cereseto et al., 1996; Akagi et al., 1997; Mulloy
et al., 1998; Pise-Masison et al., 1998a). Therefore, it was
important to determine whether Tax could mediate apo-
ptosis through a p53-independent pathway. This ques-
tion was investigated using rodent cells lacking func-
tional p53.
To initially assess whether Tax sensitized p53-defi-
cient cells to apoptosis following UV irradiation, p53-null
mouse fibroblasts and CREF cells (wt p53) were trans-
fected with a pCMV-Tax vector or mock transfected.
Twenty-four hours after transfection, cells were irradi-
ated with 20 J/m2 of UV and incubated for another 48 h
before Annexin V staining and flow cytometric analysis
(Table 1). After UV irradiation, 10% of CREF cells were
apoptotic, while 20% of CREF cells transfected with Tax
were apoptotic, suggesting that Tax sensitizes cells to
apoptosis induced by UV irradiation in the presence of wt
p53. Approximately twofold increases in apoptosis were
also observed following Tax transfection into p53-null
cells, which lack functional p53. These results indicate
that Tax sensitizes both p53-positive and -negative cells
to apoptosis and suggests that Tax mediates p53-inde-
xpression. CREF-neo and CREF-Tax cells were transfected with Bcl-2
or, or mock-transfected. Twenty-four hours after transfection indicated
aining. The percentage of apoptotic cells is shown in the upper right
, apoptotic cells.overe
SE vectpendent apoptosis following UV irradiation.
To investigate whether Tax sensitizes cells to apopto-
295HTLV-I Tax-MEDIATED APOPTOSISsis through a p53-independent pathway in a single cell
type, a stable cell line (p53-mut) expressing a tempera-
ture-sensitive p53 mutant, p53(val135), was created in a
p53 null mouse fibroblast background. The p53(val135)
mutant is in the wild-type form at the permissive temper-
ature of 32°C and in the mutant form at the nonpermis-
sive temperature of 37°C (Raycroft et al., 1990). p53-mut
and control p53-null cells were transfected with a Tax
expression plasmid or mock-transfected. Twenty-four
hours after transfection cells were UV irradiated and then
incubated at either 32 or 37°C for 48 h. Cells were then
harvested and apoptosis assays were performed using
Annexin V staining and flow cytometry. An extended time
postirradiation was used in this experiment compared to
earlier experiments because the p53-null cells are resis-
tant to apoptosis.
At the nonpermissive temperature (37°C), 22% of the
irradiated p53-null cells underwent apoptosis, while al-
most 50% of the irradiated p53-null cells transfected with
Tax were apoptotic (Figs. 4A and 4C). Similar results
were observed in the irradiated p53-mut cells at 37°C,
which are negative for p53 function (Figs. 4E and 4G).
When UV-irradiated p53-null cells were incubated at the
permissive temperature (32°C), 13% of them were An-
nexin V positive in the absence of Tax while 30% were
apoptotic in the presence of Tax (Figs. 4I and 4K). To-
gether these findings support the results from Table 1,
that Tax sensitizes cells to apoptosis in the absence of
functional p53 protein. At the permissive temperature
where mutant p53 assumes wild-type function, increased
apoptosis (28%) was observed in the p53-mut cells as
compared to the p53-null cells (13%) at the same tem-
perature (Figs. 4M and 4I). Interestingly, at the permis-
sive temperature, the level of apoptosis observed in
irradiated cells expressing both Tax and p53 (Fig. 4O,
42%) was greater than that in cells expressing p53 alone
(Fig. 4M, 28%) or Tax alone (Fig. 4K, 30%). Thus, Tax
increases the susceptibility of p53 (2) and (1) cells to
undergo apoptosis following UV irradiation.
DISCUSSION
TABLE 1










(2) Tax (1) Tax (2) Tax (1) Tax
CREF 1 10.4 6 0.9a 20.1 6 3a 4.4 5.9
p53 null 2 7.6 6 2.1b 17.8 6 4.9b 5 5.2
a,b P , 0.05.We have previously demonstrated that Tax sensitizes
cells to apoptotic cell death induced by DNA-damagingagents (Kao et al., 2000b). The current study further
characterized the mechanism of Tax-mediated apoptosis
by demonstrating that Tax sensitizes cells to apoptose in
the absence of functional p53. The results also demon-
strated that coexpression of Tax and p53 increased the
sensitivity of UV-irradiated cells to apoptosis above that
of either protein alone. These findings are particularly
interesting because Tax has been shown to inactivate
the transcriptional activity of p53 (Reid et al., 1993; Gar-
tenhaus and Wang, 1995; Akagi et al., 1997; Cereseto et
al., 1996; Mulloy et al., 1998; Pise-Masison et al., 1998a),
leaving uncertainty about whether Tax can mediate ap-
optosis in the absence of p53. This study demonstrated
that Tax-mediated apoptosis in response to UV irradia-
tion can occur in the absence of p53. Since apoptosis
observed in irradiated cells expressing both p53 and Tax
was higher than that in irradiated cells that express Tax
alone or p53 alone, p53 appears to retain at least some
of its apoptotic functions in the presence of Tax. This
result suggests that the pathways used by Tax and p53
to mediate apoptosis are not completely overlapping.
Despite the fact that Tax- and p53-mediated apoptotic
pathways appear to be at least partially independent of
one another, the downstream effectors of both mediators
were indistinguishable in this study. Tax-mediated apo-
ptosis and p53-mediated apoptosis were inhibited by
overexpression of Bcl-2 family members and through the
use of a caspase inhibitor. These results are in agree-
ment with previous reports showing that caspases are
FIG. 4. Sensitization of cells to apoptosis by p53 and Tax following
UV irradiation. p53-null and p53-mut cells were transfected with 10 mg
of Tax expressing vector (bottom) or mock transfected (top). After
transfection, cells were incubated at either 37 or 32°C as indicated.
Twenty-four hours after transfection, cells were irradiated with 20 J/m2
of UV and incubated for another 48 h at the indicated temperature
before Annexin V staining and flow cytometry. This is a representative
result from three experiments. —, apoptotic cells.
296 KAO, LEMOINE, AND MARRIOTTrequired for Tax-mediated apoptosis in T cells (Chlichlia
et al., 1997) and that Tax-mediated apoptosis can be
effectively prevented by the expression of Bcl-2 following
serum starvation in Tax-transformed Rat-1 cells (Yamada
et al., 1994). Together with previous studies, our results
suggest that Tax-mediated apoptosis occurs through a
common pathway independent of the nature of the initi-
ating signal.
Some reports in the literature have suggested that Tax
itself may be an initiator of apoptosis. However, the
results of our studies suggest that this is not the case. In
the absence of UV damage, Tax expression did not
induce a significant apoptotic response. Only following
DNA damage by UV irradiation did Tax expression cause
increased levels of apoptosis. Based on this result we
propose that Tax promotes apoptosis in response to a
physiologic stimulus such as DNA damage. While p53
normally functions as a sensor of genomic integrity and
initiator of apoptosis, Tax appears to inhibit this function
and independently stimulate cellular machinery in the
absence of p53 to promote caspase-dependent apopto-
sis.
Although our results indicate that p53-independent
apoptosis can be induced by Tax, this does not preclude
the possibility that p53-dependent apoptosis may also be
induced by Tax since Tax-mediated apoptosis is more
prominent in p53-positive cells. Induction of p53-inde-
pendent apoptosis pathways has also been observed
with other viral gene products. The adenovirus E4orf4
protein has been shown to induce p53-independent ap-
optosis through an as yet unclear mechanism (Lavoie et
al., 1998; Kleinberger, 2000). The human papillomavirus
(HPV) E7 protein can induce apoptosis in p53-null mice,
indicating that it too can function in a p53-independent
manner (Pan and Griep, 1995). The hepatitis B virus
(HBV) X protein HBx can induce both p53-dependent and
-independent apoptosis (Chirillo et al., 1997; Terradillos
et al., 1998).
Several p53-related proteins (p63 and p73) are ex-
pressed in cells and possess apoptotic functions (Jost et
al., 1997; Osada et al., 1998; Yang et al., 1998; Zhu et al.,
1998). Although the mechanism of apoptosis induction by
p63 and p73 is poorly understood, it is clear that they
differ at least in part from p53-mediated apoptotic re-
sponses (Sheikh and Fornace, 2000). Therefore it is pos-
sible that the p53-independent apoptotic effects of Tax
result from modulation of p63 and/or p73 apoptotic path-
ways.
Conflicting data are currently reported in the literature
as to the ability of Tax to modulate the sensitivity of cells
to apoptosis. Tax has been shown to induce apoptosis in
a variety of systems (Chen et al., 1997; Chlichlia et al.,
1995, 1997; Fujita and Shiku, 1995; Hall et al., 1998;
Kitajima et al., 1996; Yamada et al., 1994). However, in
other reports Tax has been shown to inhibit apoptosis
(Brauweiler et al., 1997; Copeland et al., 1994; Tsukaharaet al., 1999; Mulloy et al., 1998), supporting its role as a
transforming protein and inducer of T cell proliferation. In
this study, we have demonstrated that Tax sensitizes
cells to apoptotic cell death following UV-induced DNA
damage. We postulate that the induction of apoptosis in
Tax-expressing cells following DNA damage may play an
important role in the etiology of HTLV-1-associated dis-
eases. Specifically, this mechanism may contribute to the
loss of polyclonality through apoptotic cell death in an
infected individual and the ultimate monoclonal nature of
HTLV-1 transformation. Understanding the cell growth
and death pathways regulated by Tax is anticipated to
provide insights into the development of HTLV-1-associ-
ated diseases, leading to new therapeutic strategies for
HTLV-1-infected patients.
MATERIALS AND METHODS
Cell lines. CREF (cloned rat embryonic fibroblast) cell
pools selected for Tax expression were established by
transfecting CREF cells with Tax and neomycin-resis-
tance expression plasmids and selecting for G418 resis-
tance. Resistant cells were pooled and expanded. Con-
trol CREF cell pools were transfected with the neomycin-
resistance gene alone and selected as described above.
The parental CREF cell line expresses wild-type p53
(Kannabiran et al., 1999) and was maintained in Dulbec-
co’s minimal essential medium with 10% fetal calf serum.
CREF-Tax and CREF-neo cells were maintained in the
same medium (Ressler et al., 1997). Immunofluores-
cence staining demonstrated that approximately 100% of
CREF-Tax cells express Tax (data not shown) and the
presence of Tax expression in these cells has been
previously demonstrated by Western blot (Kao et al.,
2000b). The p53-null mouse fibroblasts were derived
from p53 knock-out mice (Donehower et al., 1992) and
were cultured as described for CREF cells.
The p53-mut cell line was created by transfecting p53
null mouse fibroblasts with the temperature-sensitive
p53 (val135) mutant (p53LTRV), which is in the wild-type
form at the permissive temperature of 32°C and in the
mutant form at the nonpermissive temperature of 37°C
(Raycroft et al., 1990). Ten micrograms of p53-LTRV and
0.5 mg of a plasmid encoding the hygromycin-resistance
gene were transfected into p53-null cells by calcium
phosphate precipitation (Ressler et al., 1997). Trans-
fected cells were selected in 400 mg/L hygromycin
(Gibco BRL) and analyzed for stable expression of the
mutant p53. After selection for 2 weeks, clones were
pooled and grown in 15% FBS DMEM with 200 mg/L
hygromycin.
Plasmids. Plasmids pBJ-5-Bcl2 expressing Bcl-2,
pSH1/S-Bcl-xL-E expressing Bcl-XL and their parental
vector (pSH1/SE) were obtained from David Spencer
(Baylor College of Medicine, Houston). The pCMV-Tax
297HTLV-I Tax-MEDIATED APOPTOSISplasmid has been previously described (Ressler et al.,
1997).
Annexin V staining. Asynchronized cells were exposed
to 10–50 J/m2 of UV-C irradiation (254 nm). Twenty-four
hours after irradiation adherent cells were pooled and
stained with fluorescein isothiocyanate-conjugated An-
nexin V (Annexin V–FITC) and PI according to manufac-
turer’s manual (ApoTarget, BioSource International, Inc.,
Camarillo, CA). Cells were analyzed by flow cytometry
(Epic Profile, Coulter Co.). Apoptotic cells were defined
as Annexin V positive and PI negative.
Caspase inhibition. CREF-Tax cells were pretreated
with or without 50 mM z-VAD-FMK for 1 h prior to UV
irradiation (at 10 J/m2 dose). Following UV irradiation,
cells were incubated an additional 24 h in the presence
or absence of Z-VAD-FMK before Annexin V staining.
Statistic calculations. For analyses by two-sample T
test, results were considered statistically significant
when P , 0.05 (95% confidence interval). Statistic cal-
culations were performed with MINITAB for Windows
software (Minitab Inc.).
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